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oao/ A . method and apparatus is provided for reducing yield stress in pipeline transportation of slurries containing about 
20% to 60% by weight of water and solids of a particle size range from about 0 to 150 urn, at high concentration and in 
which the bulk of the flow is considered a core flow. A viscosity-reducing agent is injected, or an admixture of the slurry 
with a viscosity-reducing agent is extruded, at the wall of the pipeline in which the slurry is being pumped, so that there is a 
viscosity modification of a relatively thin wall-layer of the slurry at the pipeline wall, whereby the bulk of the slurry is rela- 
tively unaltered for parallel flow with the thin wall-layer of the slurry along the pipeline under conditions of steady lami- 
nar flow. 
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PIPELINE TRANSPORTATION OF NATURAL OR 
INDUSTRIAL AQUEOUS SLURRIES 

BACKGROUND OF THE INVENTION 

This invention relates to a method and apparatus 
for reducing yield stress in the pipeline transportation 
of natural or industrial aqueous slurries, in pumping said 
slurries along extended distances of pipeline to a 
disposal area at high concentration and wherein the bulk 
of the flow is considered to be a core flow, said slurries 
containing water in the range of from about 60% to about 
20% by weight and solids of a particle size distribution 
within the range of from about 0 to about 150ym, and 
generally having a viscosity greater than 0.1 Pascal 
second and up to about 100 Pascal second. 

Although the method and apparatus of the inven- 
tion is principally concerned with the pipeline trans- 
portation of bauxite suspension residue (red mud) result- 
ing from operation of the Bayer alumina process, by 
pumping along the pipeline to disposal areas as herein- 
after exemplified and described in detail, said method 
and apparatus are also adaptable for the pipeline 
transportation of slurries containing solids selected 
from other mineral tailings, nickel concentrates, gold 
ores, phosphate ores, lime, kaolin, brown coal, black 
coal, mineral sands, pulp paper, and sewerage or like 
effluent solids. 

In general, the methoa and apparatus of the 
invention are adaptable for the pipeline transportation 
of slurries containing solids selected from <2ym clay- 
type particles; 2um to 75ym silt-type particles; and 
> 75 jam sand-type particles. In particular, the method 
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and apparatus of the invention are adapted for the 
pipeline transportation of slurries such as bauxite 
residue (red mud) containing mineral tailings solids 
and water in the range of from about 50% by weight to 
about 30% by weight. 

The Bayer alumina process produces large 
quantities of bauxite suspension residue (red mud) which 
is pumped to disposal. A typical alumina refinery in 
Australia, operating the Bayer process, produces some 
10,000 tonnes per day of bauxite suspension residue. 
For instance, in Western Australia alone, the Bayer 
alumina refineries of Alcoa of Australia Limited, 
located at Kwinana and Pinjarra, Western Australia, 
generate in total some 7.5 million tonnes of bauxite 
residue annually, which is required to be pumped to 
disposal areas. 

There are economic and environmental incentives 
for the disposal of Alcoa red mud suspension residue at 
the greatest possible solids concentration. The pipeline 
transportation over some kilometres of Alcoa red mud at 
a concentration of about 50% wt. solids is part of the 
desired disposal procedure, since it is desirable to 
pump the red mud suspension at the highest possible 
solids concentration. Red mud from other sites have 
differing solids concentration, for instance, Worsley 
red mud probably has a solids concentration of the 
order of 70% wt. solids. 

In the disposal of red mud suspension residue 
from the Bayer process at concentrations of 50% wt. or 
larger, the yield stress of the suspension makes 
conventional pipeline disposal unsuitable owing to the 
very high pressure gradients generated. A reduction in 
the apparent viscosity of the mud, achieved by reducing 
the yield stress, would: increase the maximum through- 
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put for a given pipeline; reduce the number of pumping 
stations needed; and reduce the energy requirements. 

Commercial viscosity-reducing agents or 
modifiers are available which, at low concentrations, 
reduce the yield stress very substantially. However, 
the large quantity of residue to be treated, and the 
zero value of the residue, make the use of even the 
cheapest available viscosity-reducing agents or modi- 
fiers uneconomic, if applied to the entire residue. 
There is therefore a need for the provision of a method 
and/or apparatus which materially reduces the pressure 
gradient of the slurry in pumping in the pipeline. 

SUMMARY OF THE INVENTION 

In accordance with one aspect of the present 
invention, there is provided a method for reducing yield 
stress in the pipeline transportion of natural or indust- 
rial aqueous slurries, in pumping such a slurry along 
extended distances of pipeline to disposal area at high 
concentration and wherein the bulk of the flow is con- 
sidered to be a core flow, said slurries containing water 
in the range of from about 60% to about 2 0% by weight and 
solids having a particle size distribution within the 
range of from about 0 to about 15 0mu, which method 
comprises injecting a viscosity-reducing agent or mod- 
ifier into the pipeline at the wall of the pipeline in 
which said slurry is being pumped so that there is 
viscosity-modification of only a relatively thin wall- 
layer of the slurry by said viscosity-reducing agent or 
modifier at the wall of the pipeline, leaving the bulk 
of the slurry relatively unaltered, for parallel flow 
of said thin wall-layer with the bulk of said slurry 
along the pipeline under conditions of steady laminar 
flow. 
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We have found, for instance, that the 
injection of a viscosity-reducing agent at the wall 
of a slurry pipe transporting red mud, results in the 
viscosity-modification of only a thin wall-layer of 
the mud at the wall of the slurry pipe, leaving the 
bulk of the mud relatively unaltered, and reduces the 
pressure gradient by a value as low as 3 0-35% of that 
observed with untreated mud at the same flow conditions. 
Moreover, only a fraction of the amount of the vis- 
cosity reducing agent that would be required for 
treatment of the total mud flow is needed for use in 
the procedure of the invention. 

Experiments and tests which we have carried 
out, relating to the method of the invention as descri- 
bed above, involved injecting a commercially available 
viscosity-reducing agent (Freeviz 137, supplied by ICI 
Australia Operations Pty. Ltd., Adhesives Division of 
19-25 Anne Street, St. Marys, New South Wales, 
Australia) , at the wall of a 50 ram diameter pipe carry- 
ing red mud (Bayer process residue) in steady laminar 
flow, at an apparent wall shear rate 8V/D of 13-14 s" 1 . 
Solids concentration was in the range 44/7-53.1% wt. 
A reduction in pressure gradient was observed of up to 
70% below that for untreated mud. By injecting the 
viscosity-reducing agent at the wall of the pipe, the 
cost of the friction reduction by 70% was reduced to 
one third of the cost of treating the whole mud. 

In accordance with another aspect of the 
present invention, there is provided an improvement in 
or modification of said method for reducing yield 
stress in the pipeline transportation of natural or 

industrial aqueous slurries, in pumping such slurry 
along extended distances of pipeline to a disposal area 
of high concentration and wherein the bulk of the flow 
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is considered to be a core flow, said slurries 
containing water in the range of from about 60% 
to about 2 0% by weight and solids having a particle 
distribution size within the range of from about 0 to 
about 15 0ym, which improvement or modification comprises 
extruding an admixture of the slurry or of the solids 
of the slurry with a viscosity-reducing agent or 
modifier into the pipeline at the wall of the- pipeline 
in which said slurry is being pumped so that there is 

£($ a relatively thin annular layer of said admixture of 

the slurry or the solids of the slurry with the viscos- 
ity-reducing agent or modifier at the wall of the pipe- 
line, around the slurry being pumped and which slurry 
is otherwise relatively unaltered, for parallel flow of 

IS said slurry being pumped along the pipeline under 

conditions of steady laminar flow. Said admixture 
generally has a viscosity of less than about one-third 
of the viscosity of the slurry being pumped. 

We have found that extruding a layer of an 
ZGD admixture of the slurry or of the solids of the slurry 

with a viscosity-reducing agent at the wall of a slurry 
pipe transporting, f'or instance, red mud, results in an 
enhanced viscosity-modification of the transported red 
mud slurry at the wall of the slurry pipe, leaving the 
25 bulk of the mud relatively unaltered, and reduces the 

pressure gradient to a value as low as 70% of that 
observed with untreated mud at the same flow conditions, 
compared to the 30-35% reduction referred to above. 
Moreover, there is enhanced reduction in the amount of 
32a the viscosity-reducing agent that would be required 

for treatment of the total mud flow, compared with 
what is needed for use in the first-mentioned procedure 
of the invention. 
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Experiments and tests relating to the improve- 
ment in or modification of the method of the invention 
as described above, which we have carried out, involved 
extruding an admixture of red mud (Bayer process residue) 
and a commercially available viscosity-reducing agent 
(Freeviz 137) at the wall of a 50 mm diameter pipe 
carrying red mud (Bayer process residue) in steady 
laminar flow, at an apparent wall shear rate 8V/D of 
13-14 s" 1 . Solids concentration was in the range 
44*7-53.1% wt. To achieve a drag reduction of 70% 
required, in said admixture for the extrusion method, 
0.06% wt. of viscosity-reducing agent, related to the 
slurry being pumped, compared to 0.12% wt. of viscosity- 
reducing agent for the injection method. Hence there 
is a reduction of one half of the amount of viscosity- 
reducing agent required to achieve the same pressure 
drop. By extruding such admixtures of red mud and 
viscosity-reducing agent at the wall of the pipe, the 
cost of the friction reduction by 70% can be still 
further reduced more than to one third of the cost of 
treating the whole mud. 

Results of pipeline tests are described below, 
in which each of: (I) a viscosity-reducing agent solution; 
and (II) an admixture of red mud and a viscosity- 
reducing agent solution, was injected/extruded at the 
wall of the pipe. Whereas for tests without injection 
of the viscosity-reducing agent solution, measured 
pressure gradient are in reasonable agreement with pre- 
dictions using measured rheological properties, in the 
case of tests with: (I) a viscosity-reducing agent 
solution injection at the pipe wall, measured pressure 
gradients are as small as 31% of the values predicted 
from rheological properties; and (II) an admixture of 
red mud and a viscosity-reducing agent solution extru- 
sion at the pipe wall, measured pressure gradients are 



WO 89/01590 



- 7 - 



PCT/AU87/00257 



lowered by a value of 60% of said values, both measured on 
samples of the mud collected from these tests. 

In accordance with yet another aspect of the 
present invention, there is provided apparatus suitable 
for operating the improvement in or modification of the 
method of the invention as described above, said 
apparatus comprising an injector unit adapted to be 
interposed in the pipeline and having: an outer tubular 
member; an inner tubular member; an .annular chamber 
formed by the outer tubular member and the inner 
tubular member for accommodating a reservoir of said 
admixture of the slurry or the solids of the slurry with 
the viscosity-reducing agent under positive pressure; an 
annular gap formed by the outer tubular member and the 
inner tubular member for extrusion of a relatively thin 
annular layer of said admixture of the slurry or the 
solids of the slurry with the viscosity-reducing agent 
from said reservoir of the admixture against the bore 
of the pipeline; and an injection port or ports in the 
outer tubular member for injecting said admixture of the 
slurry or the solids of the slurry with the viscosity- 
reducing agent into said annular chamber to provide said 
reservoir of the admixture under positive pressure. 

EMBODIMENTS OF THE INVENTION 

Although the methods of the invention are 
particularly useful for the pipeline transportation of 
bauxite suspension residue (red mud) as indicated above, 
said methods may equally we] 1 be used for the pipeline 
transportation of other such natural or industrial 
slurries. For example, the methods of the invention are 
useful for the pumping of ores such as gold ores , 
especially gold ores with soft water, or gold ores, with 
higher clay contents which make them difficult to pump. 
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Any commercially available or otherwise known 
viscosity-reducing agents suitable for reducing the 
viscosity of suspensions or slurries of the kind 
indicated above, in particular, tannate-based or 
5 phosphate-based compositions having viscosity-reducing 

properties, may be utilised for operating the methods 
of the invention. For instance, known viscosity- 
reducing agents such as sodium orthophosphate (Na^P0 4 .12 
H 2 0) or sodium pyrophosphate (Na 4 P 2 0 7 ) or sodium hexa- 

Iffi metaphosphate (Na(P0.j)g) or sodium tripolyphosphate 

(Na 5 P 3 0 1Q ) or mixtures of them or compositions contain- 
ing any one or more of them, may be so utilised. The 
commercially-available viscosity-reducing agent, 
Freeviz 137, referred to above, is believed to be a 

15 tannate-based composition. 

Other commercially available viscosity- 
reducing agents suitable for pumping suspensions or 
slurries in accordance with the method of the invention 
are, for example, the FV 130-139 series, which are 
suitable for pumping red mud type of slurries; the 
FV 520-540 series, which are suitable for pumping gold 
ores with soft water; and the FV 570-590 series, which 
are suitable for gold ores with higher clay contents making 
them difficult to pump. However , in general all viscosity- 
reducing compositions such as the FV 474 series are 
useful for the purpose of the invention, in greater 
or lesser degrees. Each of these series of viscosity- 
reducing compositions is available from ICI Australia 
Operations Pty. Ltd. as referred to above. 

2Q A practical embodiment of the apparatus of 

the invention is illustrated in the accompanying 
drawings, which also illustrates apparatus for 
preparing said admixture of the slurry or the solids of 
the slurry with the viscosity-reducing agent or modifier, 
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then pumping said admixture to the injector unit, as 
well as illustrate apparatus used for carrying out the 
experiments and tests referred to above, said drawings 
being as follows: 

5 Fig. 1 is a longitudinal cross-section of the 

injector unit in accordance with the invention, 
adapted to be interposed in a pipeline as 
indicated above; 

Fig* 2 is a longitudinal cross-section of another 
embodiment of the injector unit in accordance 
with the invention, adapted to be interposed in 
a pipeline as indicated above; 

Fig. 3 diagrammatically illustrates apparatus 
for preparing said admixture, then pimping said 
15 admixture to the injector unit; and 

Fig. 4 diagrammatically illustrates apparatus 
used for carrying out the experiments and 
tests referred to above. 

Referring to the drawings, Fig. 1 shows an 
injector unit 1 adapted to be interposed in a pipeline 1A 
(see Fig. 3) and having an outer tubular member 2; an 
inner tubular member 3 ; an annular chamber 4 formed by 
the outer tubular member 2 and the inner tubular member 
3 for accommodating a reservoir of said admixture of 
the slurry or the solids of the slurry with the 
viscosity-reducing agent under positive pressure; 
an annular gap 5 formed by the outer tubular member 2 
and the inner tubular member 3 for extrusion of a 
relatively thin annular layer of said admixture of the 
slurry or the solids of the slurry with the viscosity- 
reducing agent from said reservoir of the admixture 
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against the .bore of the pipeline; and an injection 
port 6 in the outer tubular member 2 for injecting said 
admixture of the slurry or the solids of the slurry 
with the viscosity-reducing agent into said annular 
5- chamber 4 to provide said reservoir of the admixture 

under positive pressure. 

Preferably, the outer tubular member 2 of the 
injector unit 1 has a bore 7 which is stepped inwardly 
downstream relative to the pipeline, with an inner end 

1CF 8 of the inner tubular member 3 terminating adjacent 

the inward stepping of the bore 6 of the outer tubular 
member 2 so as to form said annular gap 5. More 
preferably, the inner end 8 of the inner tubular member 
3 terminates adjacent an inclined face section 9 

US joining an upstream section 10 of the bore 7 of the 

outer tubular member 2 and a downstream section 11 of 
the bore 7 of the outer tubular member 2 approximately 
midway the length of the outer tubular member 2 . 

In particular, the outer tubular member 2 
and the inner tubular member 3 of the injector unit 1 
may be characterised and disposed. in relation to each 
other such that: the bore 12 of said inner tubular 
member 3 is the same diameter as and is concentric with 
the bore 7 of the downstream section 11 of the outer 
tubular member 2 as well as with the bore of said 
pipeline; the outer surface 13 of said inner tubular 
member 3 is spaced from an upstream section 14 of the 
bore of said outer tubular member 2 to form the annular 
chamber 4 therebetween for accommodating a reservoir of 
said admixture of the slurry or the solids of the slurry 
with the viscosity-reducing agent under positive 
pressure; the inner end 8 of said inner tubular member 3 
is spaced from the inclined face section 9 joining said 
upstream section 14 of the bore of said outer tubular 
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HE 



member 2 to the downstream section 11 of the bore 7 of 
said outer tubular member 2 so as to form the annular 
gap 5 for extrusion of a relatively thin annular layer 
of said admixture of the slurry or the solids of the 
slurry with the viscosity-reducing agent from said 
reservoir against said downstream section 11 of the 
bore of said outer tubular member 2 and around the 
flowing slurry in the pipeline; and the downstream 
section 11 of the bore 7 of said outer tubular member 2 
is the same diameter as and is concentric with the bore 
of said pipeline; the injection port 6 in the outer 
tubular member 2 communicating with the annular chamber 
4 formed by the upstream section 14 of the bore of the 
outer tubular member 2 and the outer surface 13 of the 
IS inner tubular member 3 for injecting said admixture of 

the slurry or the solids of the slurry with the viscos- 
ity-reducing agent into said annular chamber 4 to provide 
the reservoir of said admixture under positive pressure 
for extrusion through said annular gap as indicated . 

23B A feature of the injector unit, also 

illustrated in Fig. l f is the provision of means 
therein for variation of the extrusion gap width 
whereby the relatively thin annular layer of said 
admixture of suspension or slurry and viscosity- 

25 reducing agent extruded against said downstream section 

11 of the bore of said outer tubular member 2 and around 
the flowing suspension or slurry in the pipeline, can be 
varied in thickness. For instance, the outer tubular 
member 2 can be in two separate parts consisting of an 

2GD upstream section 15 and a downstream section 16, with 

means for moving said upstream section 15 and said down- 
stream section 16 either to advance towards or retract 
from each other in decreasing or increasing, respect- 
ively, the distance of the inner end 8 of said inner 

3S tubular member 3 from the bore 7 of the downstream 
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section of the outer tubular member 2, in particular , 
from the inclined face section 9 joining the upstream 
section 10 of the bore 7 of the outer tubular member 2 
"to the downstream section 11 of the bore 7 of the outer 
tubular member 2, in narrowing or widening said annular 
gap 5, there being a relationship between the dimension 
of said annular chamber 4 and said annular gap 5 such 
that the narrowest depth of the annular chamber 4 is 
always greater than the width of the annular gap 5. 

The construction of the injector unit 1 of the 
invention preferably is such that it has an end connector 
flange 17 at each end of the unit for connecting the 
injector unit 1 to the pipeline in interposing said 
injector unit 1 in the pipeline, with an outer end 18 
of the upstream section of the inner tubular member 3 
being fixed to the outer end 19 of the upstream section 

15 of the outer tubular member 2, conveniently by way 
of the upstream end connector flange member 20 , the 
outside surfaces of the adjoining end portions of the 
upstream end section 15 and the downstream end section 

16 of the outer tubular member 2 being screw-threaded - 
at 21 and associated with a co-acting screw-threaded nut 
22 for rotation to advance or retract the upstream end 
section 15 and the downstream end section 16 of the 
outer tubular member 2 towards or away from each other. 
An internal sealing sleeve 23 is fitted to the inside 
surfaces of the adjoining end portions of the upstream 
end section 15 and the downstream end section 16 of 

the outer tubular member 2 in order to seal the outer 
tubular member 2 from loss of said admixture of suspen- 
sion or slurry and viscosity-reducing agent under 
pressure through space 24 between the adjoining ends 
of said sections. 
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A single injection port 6 with injection 
nozzle 25 fitted thereto may be located in the upstream 
section 15 of the outer tubular member 2 for supplying 
the admixture of suspension or slurry and viscosity- 
5 reducing agent to said annular chamber, or, as illus- 

trated in Fig. 2 of the accompanying drawings, a 
plurality of radially-disposed injection ports 2 6 each 
with an injection nozzle fitted thereto may be located 
in a manifold 27 forming part of said upstream section 
Id 15 of the outer tubular member 2, so as to lessen or 

eliminate any tendency of the admixture to swirl in the 
course of extrusion through said annular gap 5 to form 
said annular thin wall-layer of the admixture at the 
wall of the pipeline, around the slurry in the pipeline. 

IS Preparation and feeding of said admixture of 

slurry and viscosity-reducing agent to the injector 
unit may be effected by utilising the equipment 
illustrated in Fig. 3 of the accompanying drawings. 
Thus, a selected quantity of the slurry and a selected 

ZQ quantity of the viscosity-reducing agent preferably 

in solution form^ may be added to a mixing vessel 28 and 
thoroughly mixed therein say by a helical ribbon mixer 
device 29 to form a so-called treated mud for intro- 
duction at the wall of the pipeline via the injector 

25 uni". 1 as described above. For instance, the admixture 

may be conveyed by pipe 30 from the mixing vessel to 
appropriate pump means such as a mono-pump 31, which 
pumps the admixture to the annular chamber 4 of the 
injector unit 1 by piping 32 under positive pressure as 

30 described above. 



In the full-scale pumping transportation of 
Bayer alumina process red mud to a disposal area as 
described above, a pipeline of 300 mm diameter is 
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ordinarily utilised for the purpose, and as excessive 
pumping pressure is required as a function of the pipe length 
and solids concentration, and as the red mud is highly 
corrosive due to alkalinity of the order of pH 14, 
besides containing chloride ions, the material of 
construction for the pipeline needs to be chosen 
accordingly. Generally, a high nickel-content alloy 
resistant to chloride ions is used for fabricating 
the pipeline, however/ a high-strength pipeline fab- 
ricated from high- strength, plastics compositions such 
as carbonfibre plastics, or other suitable material, 
may be used for the purpose, A high nickel-content 
alloy or a high-strength, plastics composition, or 
other suitable material, may also be used for fab- 
ricating the injector unit of the invention. 

The experiments and tests referred to above 
were carried out on red mud resulting from operation 
of the Bayer alumina process, using the equipment 
shown in Fig. 4 of the accompanying drawings, in 
which the following numerals designate the indicated 
items of equipment: 100 and 101 = 200 litre red mud 
supply and mixing drums in which the experimental 
slurry is prepared; 102 = mono pump for pumping the 
slurry; 103 = 50 mm PVC pipeline; 104 = injector unit; 
105 = pressure gauges; 106 = 200 litre discharge drum; 
and 107/108/109 = 20 litre red mud and viscosity- 
reducing agent mixing drum, mono pump and piping, 
respectively, for use in operating the extrusion 
method . 

According to Boger et al [[Boger, D.V., 
Sarmiento, G., Uhlherr, P.H.T., 7th Aust. Conf. on 
Chem. Eng. (1979)], red mud is a yield-pseudoplastic 
fluid at concentrations above 33% wt. An appropriate 
rheological model for this type of fluid is the 
Herchel-Bulkley equation : ASTM Vol. 26 p. 621 (1926): 
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x — Ty + Ky 11 (1) 

where K is the consistency parameter; n is the flow- 
behaviour index; and T y is the yield stress. K and n 
are readily determined from concentric-cylinder vis- 
5 cometry and the yield stress from yield vane. 

An alternative rheological model is the power 

law: 

t = Ky n (2) 

where K and n are as for the Herchel-Bulkley equation. 

I£B This model fails at zero shear rate; it cannot account 

for the presence of a yield stress. However , this is not 
a serious shortcoming in pipe-flow analysis since the 
existence of a yield stress does not influence this 
procedure nor the result , i.e. the behaviour in the low- 

155 shear region near the centre of the pipe is unimportant 

in determining wall behaviour and hence friction. 

The rheological behaviour of red mud is also 
conveniently approximated by the Bingham fluid model, 
in which the non-linearity at low shear rates is 
20) ignored: 

Thus, two rheological parameters are required; the 
Bingham yield stress T yB , and the plastic viscosity ru 
Again these parameters are readily determined from 
,Z5> • concentric-cylinder viscometry. 

4 The rheological parameters of the red mud slurry 

were determined using a HAAKE Rotovisco RV12 viscometer. , 
The sensor system used consisted of a standard MVTIP pro- 
filed rotor but with a modified outer sleeve and rotating 

3BQ; cup arrangement developed specifically to enable the 
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viscosity of settling suspension to be measured, Overend 
et al : Proc IX Int. Congress on Rheology, p 583 (1984), 

The shear rate was uniformly increased and 
decreased using a programming unit (HAAKE PG142) and 
shear rate - shear stress rheograms were plotted using 
an x-y recorder. All tests were carried out at 25 C 
on well-mixed samples of mud which had been strained to 
remove large fibrous debris. Shearing was continued until 
equilibrium properties were obtained. The yield stress 
of red mud slurry was determined using a star shaped yield 
vane rotated at 0.1 min" 1 , Nguyen and Boger : Nat. Conf. 
on Rheology. (2nd), pl9. (JL981) . 

Shear rate corrections were applied to the 
viscometric data obtained. For the case of yield/power 
law fluids the -shear rate was corrected as for Krieger 
and Mar on, Journal of Applied Physics, Vol. 25, p72 (1954) , 
and for Bingham parameters the Reiner-Rivlin correction 
was applied, Bird let al : Transport Phenomena, John 
Wiley, New York, (1960) . For the geometry used the 
Reiner-Rivlin correction was a constant 8.6%. All 
rheological parameters are summarised in Table 1 below: 



WO 89/01590 



- 17 - 



PCT/AU87/002S7 



3 

J 
Q* 



CO 

o 

X 

bu 
O 

CO 
DC 
U3 
H 



< 

5 

s 



< 



O 



£ 



Q 

cu 
H 
< 
u 

OS 
H 



Q 

£ 

Q 
U 
H 
< 
cu 

H 



CO 

^ oe 

< Cd 

J H 

t Cxi 

□C £ 

cu < 

O < 



to 
a: 

£ h 

£ £ 

2 DC 
>-• < 

aa a. 



to 

3UJ 
H 
I U3 
OS £ 

ua < 

3 as 

o < 

a. a. 



to 

OS 

ta 

£ H- 

< u 

£ £ 
U < 
Z. OS 
< 
03 0U 



CO 

3 OS 

< ui 

I cu 

cu < 

3 as 

O < 

CL cu 



tu 

£ H 

< Ul 

=5 £ 

O < 

Z OS 

N- < 

c3 C 



f- - 

co O 

is: z 

H 



O 



O 

d 



o 
d 



o 



O 

d 



^ CO 
in -J- 



o 

* 

in 



CO 

o 



CM CO 

O O 



CM 

o 



cm r- 
^ «n 
O O 



CO r» 



O O 
m in 



•rv cm 





CM 


-a- 






CO 


tO 




*n 


CM 


O 


O 




CM 




• 










o 


d 


d 


d 


d 



CO 
<n 
© 

d 



CM 

«n 
O 

d 



o 



•a* 
o 



o 
o 



CO 



M3 

CO 



m o 

%n en 

O O 

d O 



O 



" O 
m 
O 



o 



o 
d 



o 
d 



o 
d 



o 



O O 



CO ^ 



WO 89/01590 



- 18 - PCT/AU87/00257 



The pressure gradient for the steady-laminar 
flow of red mud can be predicted either from the Bingham 
model parameters or from the yield/power law parameters, 
Bingham Behaviour ; 

The Buckingham equation , Buckingham : ASTM, Vol. 
21, pll54 (1921) , gives the pressure gradient for a 
Bingham plastic in pipe flow: 

§f!2a . 3 ^ - 4(!£> 3 ,4, 

U yB T yB TW 

where t w - Jj^ . t5) 

Power Law Behaviour ; 

If power law behaviour is assumed, the pressure 
gradient can be determined directly fron a rheogram of shear 
stress/shear rate as described by Govierand Aziz ; Litton 
Educational Publishing, Inc., (1971). The wall shear stress 
resulting from steady state laminar flow can be 
determined from; 

2V = n , ,1/n ,1,1/n (6) 
D l+3n VT w ; { K } 

From this the pressure gradient is calculated by (5) . 

Yield -Power Law Behaviour ; 

The wall shear stress produced by a yield 
pseudoplastic fluid can be determined from; 



1 1/n <l + n) 



2V K , , n 

w 



(T-T) 2 T(T-T) T 2 

* — 2. + 2 y w x: + jlt 



l+3n l+2n l+n 

n n n 



(7) 



Again, the pressure gradient is calculated from (5) , the 
meaning of the symbols used in the foregoing equations 
being as follows; 
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D 



K 



= pipe diameter, m. 

= power-law consistency parameter, Pa s . 



V 



L 



n 



Y 




n 



T 



= pipe length, m. 

= power -law flow behaviour index, -. 

= pressure difference, kPa. 

= velocity, ms"\ 

= shear rate, s~ . 

= plastic viscosity, Pa s. 

= shear stress, Pa, 

= wall shear stress, Pa. 

= yield stress, Pa. 

= Bingham yield stress, Pa. 



Bauxite residue obtained from Alcoa, Kwinana, W.A., 



of solids concentration in the range 46.8 to 53.3 wt% was 
pumped through a smooth, horizontal pipe of 50 mm diameter 
using a variable speed mono pump. The volume flow rate of 
the red mud was maintained constant to give a value of 
apparent shear rate (8V/D) of 13 - .14 s -1 for all pipe test 
runs... This was done to simulate the conditions that a full 
scale pipeline of 3 00 mm diameter would incur at a flow 
velocity of 0.5 m/s. 



which was slowly stirred with a helical ribbon mixer. 
The flow-rate of the mud flow was determined by timed 
collection from the discharge of the test section. 

Prior to testing, a 20 litre drum of the red 
mud was treated with the viscosity-reducing agent, 
Freeviz 137. The treated mud was kept in suspension by 
a small helical ribbon mixer and extruded, using a small 
mono pump, through an annular slot leading to the pipe 
bore as described above. The rate of treated mud 
injection was measured by loss in weight of the 20 litre 
feed reservoir. The pressure gradient was measured at 
two points, 10 m and 5 m from the exit point, the first 



The red mud was supplied from a 2 00 litre drum 
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pressure tapping being 2 m downstream of the point of 

treated mud extrusion. The test section discharged at 

atmospheric pressure and pipe pressures were measured 

by diaphragm protected Budenberg gauges. Aim clear 

section of acrylic pipe was installed immediately after . 

extrusion to allow observation of the flow behaviour. 

The pipe system was allowed to run with no 
treated mud injection until steady flow conditions 
were achieved. Plowrate and pressure gradient were 
recorded and a sample of mud was taken for rheological 
analysis. Injection of treated mud was commenced and 
again, once stable conditions were attained, flow rate 
and pressure gradient recorded and a sample of mud flow 
taken. A sample of treated mud was also retained for 
analysis and these samples were used to indicate the 
existence or otherwise of friction reduction. Solids 
concentration was determined by drying a known mass 
of mud at 110°C and making a correction for the dissolved 
solids in the liquor. Mud density, where required, was 
obtained by calculation from the solids concentration. 

A summary of the operating conditions and 
experimental results is given in Table II below. This 
table shows the ratio of treated mud to total mud flow 
and the observed friction or drag reduction. The ratio 
of treated mud to total mud flow allows the effective 
dose level to be calculated from the percentage of 
viscosity-reducing agent used to treat the mud. The 
observed friction or drag reduction is calculated as a 
percentage reduction in pressure gradient for untreated r 
mud and total mud flow through the pipe. This column of 
Table II clearly shows that the degree of friction 
reduction observed increases with increasing addition of 
viscosity-reducing agent to the mud, and this is graphi- 
cally represented in Figure A below. 
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Table III shows the comparison between measured 
and predicted pressure gradients for each mud flow regime, 
(i.e. untreated; initial mud flow, treated; mud treated 
with Freeviz 137 and extruded into the periphery of the 
pipe, and total; the mud resulting from the extrusion 
of treated mud plus the untreated mud flow) . 

Figure A also shows the percentage drag reduc- 
tion as determined from the untreated and treated mud 
predicted pressure gradients which represents the 
greatest percentage drag reduction possible. 

The results of Table III indicate that f by 
extruding mud, pre-treated with Freeviz 137, at the 
pipe wall, the pressure gradient can be reduced to a 
degree requiring a greater quantity of reagent if the 
entire flow was treated. 

It is, however, evident that the optimum possible 
result, as determined from the rheology and shown in 
Figure A r is not attainable. No definite explanation 
can be provided for this behaviour, although a number 
of reasons can be advanced. 

Firstly, the wall layer of treated mud may 
experience conditions of high shear depending upon the 
layer thickness and hence viscous forces may be higher 
than expected. However due to the relatively low values 
of plastic viscosity (Bingham) and the flow behaviour 
index (Power-law) for all muds, the viscous forces which 
result are minimal when compared to the force required 
to overcome the yield stress. 

Secondly, the differences may be due to 
variations in mud properties. Care was taken to maintain 
the solids concentration of untreated and treated muds 
the same. Nevertheless as Table II shows these solid 
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concentrations differ by 0.21% for run 3 to 0.84% for 
run 5 ; and hence some stratification of the treated 
layer may have occurred (i.e. the treated layer mud 
may migrate towards the top or bottom of the pipe) . 
This effect should be negated by maintaining equal 
solid concentrations for untreated and treated mud. 

Thirdly, most likely, the central core of 
untreated mud flow would tend to have the loading 
characteristics of a column under an axial force. With 
the peripheral layer of treated mud possessing a lower 
yield stress than the core mud, the column of core mud 
could buckle along the entire length of the pipe. The 
result of this occurrence is the development of alter- 
native pockets of treated and untreated mud in contact 
with the wall of the pipe, and hence a decrease in the 
drag reduction as predicted from rheology tests. 
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A comparison between treated mud extrusion 
and viscosity-reducing agent injection, is given in 
Table V. Figure B represents the results from Table V 
and indicates how each method of drag reduction is 
related. The results for neat reagent injection, 
although limited in number, tend to show a greater degree 
of scatter than those for treated mud extrusion. 

Using the results obtained to achieve a drag 
reduction of 70% would require 0.06% additive solid to 
mud solid of total flow for treated mud extrusion as 
compared to 0.12% for viscosity-reducing agent injection. 
Hence there is a reduction of one half of the amount of 
such agent required to achieve this same pressure drop. 

By the extrusion of treated mud, a wall 
layer is produced which is relatively stable and also 
much thicker than that produced by a very small rate 
of injection of a solution of viscosity-reducing agent. 
The cost of drag reduction can be calculated from the 
experiments, taking the current cost of Freeviz 137 as 
A$2.30/kg. 

A 70% reduction in pressure gradient at current 
costs would require: (i) for treatment of total mud flow, 
A$8.05 per tonne of dry solids pumped; Cii) for injection 
of viscosity-reducing agent, A$2.70 per tonne of dry 
solids pumped; and (iii) for the extrusion of treated 
mud, A$1.35 per tonne of dry solids pumped. Although 
the optimum result at current cost of A$0.50 per tonne 
of dry solids pumped has not been achieved, the additive 
cost required to obtain a pressure gradient reduction 
of 70% has been reduced by treating the mud at the wall 
of the pipe. 

Altogether, it will be seen that: (a) reduction 
in the pressure gradient is achieved by the injection of 
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viscosity-reducing agent at the wall of a laminar pipe 
flow of bauxite residue mud; (b) a greater reduction in 
the pressure gradient is observed by the extrusion at 
the pipe wall of a thin layer of such mud pre-treated 
with viscosity-reducing agent; and (c) the cost of 
chemically treating bauxite residue can be reduced by a 
factor of six (6) if mud pre-treated with viscosity- 
reducing agent is extruded against the internal wall 
of a pipe flowing with bauxite residue mud. 
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CLAIMS : 

1 # a method for reducing yield stress in the 

pipeline transportation of natural or industrial aqueous 
slurries, in pumping said slurries along extended 
distances of pipeline to a disposal area at high 

5 concentration and wherein the bulk of the flow is 

considered to be a core flow, said slurries containing 
water in the range of from about 60% to about 20% by 
weight and solids of a particle size distribution 
within the range of from about 0 to about 150um, which 

05 method comprises injecting a viscosity-reducing agent 

or modifier into the pipeline at the wall of the pipe- 
line in which said slurry is being pumped so that there 
is viscosity-modification of only a relatively thin 
wall-layer of the slurry by said viscosity-reducing 

5 agent or modifier at the wall of the pipeline, leaving 

the bulk of the slurry relatively unaltered, for 
parallel flow of said thin wall -layer with the bulk of 
said slurry along the pipeline under conditions of 
steady laminar flow. 

2. A method as claimed in claim 1 wherein the 
solids in the slurry are selected from mineral tailings, 
nickel concentrates, gold ores, phosphate ores, iron 
ores, lime, kaolin, brown coal, black coal, mineral 

5 sands, pulp paper, and sewerage or like effluent 

solids. 

3. a method. as claimed in claim 1 wherein the 
slurry contains solids selected from <2um clay-type 
particles; 2um to 75ym silt-type particles; and 
>75pm sand-type particles. 

4. a method as claimed in claim 1 wherein the 
slurry contains mineral tailings solids and water in 
tne range of from about 50% by weight to about 3 0% 
by weight. 
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5. A method as claimed in claim 4 wherein the 
slurry of mineral tailings solids is bauxite residue 
(red mud) resulting from operation of the Bayer alumina 
process. 

6 . A method as claimed in any one of claims 

1 to 5 wherein the viscosity-reducing agent or modifier 
is selected from tannate-based compositions and phos- 
phate-based compositions . 

7. A method as claimed in any one of claims 

1 to 6 wherein an aqueous solution of the viscosity- 
reducing agent or modifier is injected at the wall of 
the pipeline. 

8. A method for reducing yield stress in the 
pipeline transportation of natural or industrial 
aqueous slurries , in pumping said slurries along 
extended distances of pipeline to a disposal area at 
high concentration and wherein the bulk of the flow is 
considered to be a core flow, said slurries containing 
water in the range of from about 60% to about 20% by 
weight and solids of a particle size distribution 
within the range of from about 0 to about 150ym, which 
method comprises extruding an admixture of the slurry 
or of the solids of the slurry with a viscosity- 
reducing agent or modifier into the pipeline at the 
wall of the pipeline in which said slurry is being 
pumped so that there is a relatively thin annular layer 
of said admixture of the slurry or the solids of the 
slurry with the viscosity-reducing agent or modifier at 
the wall of the pipeline, around the slurry being 
pumped and which slurry is otherwise relatively un- 
altered, for parallel flow of said slurry being pumped 
along the pipeline under conditions of steady laminar 
flow. 
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9 # a method as claimed in claim 8 wherein the 

solids in the slurry and in the admixture are selected 
from mineral tailings, nickel concentrates, gold ores, 
phosphate ores, iron ores, lime, kaolin, brown coal, 
black coal, mineral sands, pulp paper, and sewerage or 
like effluent solids. 

10. A method as claimed in claim 8 wherein the 
slurry and the admixture contains solids from <2ym in 
clay-type particles; 2um to 7 Sum silt-type particles; 
and>75ym sand-type particles. 

11. A method as claimed in claim 8 wherein the 
slurry and the admixture contains mineral tailings 
solids and water in the range of from about 50% by 
weight to about 3 0% by weight. 

12. A method as claimed in claiin 11 wherein the 
slurry and the admixture of mineral tailings solids 
is bauxite residue (red mud) resulting from operation 
of the Bayer alumina process. 

13. A method as claimed in any one of claims 

8 to 12 wherein the viscosity-reducing agent or modifier 
is selected from tannate-based* compositions and 
phosphate-based compositions. 

14. A method as claimed in any one of claims 

8 to 13 wherein an admixture of the slurry or the solids 
of the slurry and an aqueous solution of the viscosity- 
reduc'ng agent or modifier is extruded at the wall of 
the pipeline. 

15. Apparatus suitable for operating a method for 
reducing yield stress in the pipeline transportation 

of natural or industrial aqueous slurries, in pumping 
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said slurries along extended distances of pipeline to a 
disposal area at high concentration and wherein the bulk 
of the flow is considered to be a core flow, said slurries 
containing water in the range of from about 60% to about 
2 0% by weight and solids of a particle size distribution 
within the range of from about 0 to about 150ym, by 
extruding an admixture of the slurry or of the solids 
of the slurry with a viscosity-reducing agent or modifier 
into the pipeline at the wall of the pipeline in which 
said suspension or slurry is being pumped so that there 
is a relatively thin annular layer of said admixture of 
the slurry or the solids of the slurry with the viscosity- 
reducing agent or modifier at the wall of the pipeline, 
around the slurry being pumped and which slurry is 
otherwise relatively unaltered, for parallel flow of 
said slurry being pumped along the pipeline under con- 
ditions of steady laminar flow, said apparatus comprising 
an injector unit adapted to be interposed in the pipeline 
and having: an outer tubular member; an inner tubular 
member; an annular chamber formed by the outer tubular 
member and the inner tubular member for accommodating a 
reservoir of said admixture of the slurry or the solids 
of the slurry with the viscosity-reducing agent under 
positive pressure; an annular gap formed by the outer 
tubular member and the inner tubular member for 
extrusion of a relatively thin annular layer of said 
admixture of the slurry or the solids of the slurry with 
the viscosity-reducing agent from said reservoir of the 
admixture against the bore of the pipeline; and an 
injection port or ports in the outer tubular member for 
injecting said admixture of the slurry or the solids of 
the slurry with the viscosity-reducing agent into said 
annular chamber to provide said reservoir of the 
admixture under positive pressure. 
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16. Apparatus as claimed in claim 15 wherein the 
outer tubular member of the injector unit has a bore 
which is stepped inwardly downstream relative to the 
pipeline , with an inner end of the inner tubular member 

5 terminating adjacent the inward stepping of the bore 

of the outer tubular member so as to form said annular 
gap. 

17. Apparatus as claimed in claim 15 wherein an 
inner end of the inner tubular member terminates 
adjacent an inclined face section joining an upstream 
section of the bore of the outer tubular member and a 

5 downstream section of the bore of the outer tubular 

member approximately midway the length of the outer 
tubular member. 

18. Apparatus as claimed in claim 15 wherein an 
upstream section of the outer tubular member has an 
injection port or ports with an injection nozzle or 
nozzles fitted thereto for supplying the admixture of 

5 the slurry or the solids of the slurry with the 

viscosity-reducing agent to said annular chamber. 

19. Apparatus as claimed in claim 15 wherein an 
upstream section of the outer tubular member comprises 
a manifold having a plurality of radially-disposed 
injection ports each with an injection nozzle fitted 

5 thereto for supplying the admixture of the slurry or 

the solids of the slurry with the viscosity-reducing 
agent to said annular chamber. 

20. Apparatus as claimed in claim 15 wherein the 
outer tubular member and the inner tubular member are 
characterised and disposed in relation to each other 
such that: the bore of said inner tubular member is 

5 the same diameter as and is concentric with the bore 

of the downstream section of the outer tubular member 
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as well as with the bore of said pipeline; the outer 
surface of said inner tubular member is spaced from an 
upstream section of the bore of said outer tubular 
member to form the annular chamber therebetween for 
accommodating a reservoir of said admixture of the 
slurry or the solids of the slurry with the viscosity- 
reducing agent under positive pressure; the inner end 
of said inner tubular member is spaced from an in- 
clined face section joining said upstream section of the 
bore of said outer tubular member to a downstream 
section of the bore of said outer tubular member so 
as to form an annular gap for extrusion of a relatively 
thin annular layer of said admixture of the slurry 
or the solids of the slurry with the viscosity- 
reducing agent from said reservoir against said down- 
stream section of the bore of said outer tubular member 
and around the flowing slurry in the pipeline; the 
downstream section of the bore of said outer tubular 
member is the same diameter as and is concentric with 
the bore of said pipeline; and an injection port or 
ports in the outer tubular member communicates with 
the annular chamber formed by the upstream section of 
the bore of the outer tubular member and the outer 
surface of the inner tubular member for injecting said 
admixture of the slurry or the solids of the slurry with 
the viscosity-reducing agent into said annular chamber 
to provide the reservoir of said admixture under 
positive pressure for extrusion through said annular 
gap. 

21. Apparatus as claimed in any one of claims 

15 to 20 comprising means for varying the width of 
the extrusion gap so that the annular layer of said 
admixture of the slurry or the solids of the slurry with 
the viscosity -reducing agent extruded against a down- 
stream section of the bore of said outer tubular member 
ana around the flowing slurry in the pipeline, can be 
varied in thickness. 
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22. Apparatus as claimed in claim 21 wherein said 
means is adapted to move the upstream section and the 
downstream section of the outer tubular member so as to 
decrease or increase the distance of the inner end of 

5 said inner tubular member from an inclined face section 

joining the upstream section of the bore of the outer 
tubular member to the downstream section of the bore of 
the outer tubular member. 

23. Apparatus as claimed in claim 21 or 22 wherein 
the outer tubular member comprises an upstream section 
and a separate downstream section, with means for moving 
said upstream section and said downstream section either 

5 to advance towards or retract from each other in 

decreasing or increasing, respectively, the distance of 
the inner end of said inner tubular member from the bore 
of the downstream section of the outer tubular member, 
in narrowing or widening said annular gap, whereby there 
HGD is a relationship between the dimension of said annular 

chamber and said annular gap such that the narrowest 
depth of the annular chamber is always greater than the 
width of the annular gap. 

24. Apparatus as claimed in any one of claims 21 to 
23 wherein the injector unit has end connector flanges 
for connecting the injector unit to the pipeline, an 
outer end of the upstream section of the inner tubular 

5 member fixed to the outer end of the upstream section of 

the outer tubular member by an upstream end connector 
flange member, the outside surfaces of adjoining end 
portions of the upstream end section and the downstream 
end section of the outer tubular member being screw- 
HQ threaded and associated with a co-acting screw-threaded 
nut for rotation to advance or retract the upstream end 
section and the downstream end section of the outer 
tubular member towards or away from each other, with an 
internal sealing sleeve fitted to the inside surfaces 
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15 of the adjoining end portions of the upstream end 

section and the downstream end section of the outer 
tubular member to seal the outer tubular member from 
loss of said admixture of the slurry or the solids of 
the slurry with the viscosity-reducing agent under 

Z(S pressure through space between the adjoining ends of 

said sections. 

24 . Apparatus as claimed in any one of claims 15 
to 24 in combination with means for preparing and 
feeding said admixture of the slurry or the solids of 
the slurry with the viscosity-reducing agent to the 

5 injector unit. 

25. Apparatus as claimed in claim 24 wherein 
said means comprises a mixing vessel fitted with a 
helical ribbon or other such mixer device and connected 
by piping to a mono-pump or other such positive 

5 pressure pump for pumping said admixture of the slurry 

or the solids of the slurry with viscosity-reducing 
agent to said annular chamber of the injector unit 
under positive pressure via piping which connects said 
pump to the injector unit. 
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